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   In order to overcome the difficulties in the measurement of the hydrogen ion concentration, 
C$+, in aqueous solutions by the glass electrode, a palladium hydride electrode of improved type has 
been proposed. Using the electrode, it is possible to determine Cx+ in solutions containing fluoride 
ions or rather concentrated acid or base. The potential at the electrode is stable at least for 1000 
hours in the absence of such strong oxidizing agents as dichromate and ferric ions in the test solution. 
The potential generating process at the electrode has been discussed. 
     KEY WORDS: Potentiometric measurement/ Hydrogen ion concentra-
                  tion/ Palladium hydride membrane/ Continuous hydro-
                   gen-charging/ 
INTROIDUCTION 
   Because of the acid and the base errors, the glass electrode is not applicable 
to the measurement of the hydrogen ion concentration in solutions containing high 
concentration of acid or base. The other defect of the electrode is that glass is easily 
attacked by fluoride. In order to avoid these defects, other pH electrodes have 
been investigatedPl A pH electrode based on a polymer-carrier system permeable 
to hydrogen ions has been described.3) More commonly, electrodes based on pH-
dependent electrochemical redox reactions have been used. 
   Electrodes for pH made of such metals covered with their oxide films as anti-
mony,4) iridium5> and palladium6) have been proposed. However, these metal 
metal-oxide electrodes were found susceptible to voltage drift problems, as it is dif-
ficult to prepare the oxide film of an appropriate thickness7 as well as to maintain 
the thickness at constant especially when in the presence of reducing agents in the 
test solution.8 
   Although the reversible hydrogen platinum electrode forms the basis for an 
operational definition of the pH scale, the use of the electrode on a routine basis is 
complicated by the need for a constant partial pressure of hydrogen in the test solu-
tion. Considerable informations on the palladium-palladium hydride electrode 
has been published for the measurement of pH.9> Since hydrogen once adsorbed 
on and/or in palladium as an alloy escapes spontaneously from the alloy, however, 
the hydrogen-palladium system has limited utility, particularly in aerated solutions. 
Jasinski has extended the life of the electrode to a week or so in aerated solutions 
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by the careful design of the measurement system.'°) 
   The present work is devoted to the improvement of the palladium-palladium 
hydride electrode and to the investigation of the applicability of the improved elec-
trode to solutions containing concentrated acid or base, fluoride ions, and reducing 
or oxidizing agents. 
                         EXPERIMENTAL 
   The cell used for the potentiometric measurement of the hydrogen ion concentra-
tion is realized in Fig. 1. The inner solution, which was 0.5 M sulfuric acid in 
this work, was separated from the test solution by a palladium plate (more than 
99.99% of purity, product of Tanaka Noble Metals Co.) of 0.2 mm thick and 154 
mm2 effective surface area which served as the hydrogen ion selective membrane. 
The palladium had been polished to be a mirror-like surface with the aid of carbo-
rundum powder. Two silver-silver chloride electrode (SSE, with saturated potas-
sium chloride), RE1 and RE2, were set in the test and the inner solutions, respec-
tively, and the potential differences between RE1 and palladium, RE2 and pal-
ladium, and RE1 and RE2 were measured by potentiometers (Model HE-101E, 
Hokuto Denko Co.). To implant hydrogen into the palladium plate, a controlled 
potential referred to a SSE, RE3, was applied to the plate by the aid of a counter 
electrode, CE2, of a platinum wire. A potentiostat (Model HA-501, Hokuto Denko 
Co.) was used for the electrolysis. 
   Voltammograms were recorded using the potentiostat, a function generator 
(Model HB-104, Hokuto Denko Co.) and an X-Y recorder (Model 3036, Yoko-
gawa-Hokushin Denki Co.). The recorder was also used for the recording of po-
tential difference-time curves. 
Potentiometer  
Potentiostat  
CEI RE1 ——CE2 
                              RE3 CE2 
        G 
               ~...,i~E 
              — 
                    TestInner 
                           Solution Pd Solution(0.5M H2SO4) 
(02 rnmt) 
                    Sintered glass 
                              Fig. 1. Electrolysis cell 
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   The reduction-oxidation (Redox) behavior of hydrogen ion at the palladium 
electrode was investigated using a palladium disc electrode, 5.0  mm95, which had 
been prepared and pretreated by the same procedure as that for the nickel disc 
electrode previously mentioned.l1) 
   All measurements were carried out at 25*0.5°C. 
Apparatus 
   Clark-Lubs' and Kolthof's~~1 buffer solutions were employed as the standards 
of the hydrogen ion concentration. 
   All reagents used were of reagent-grades. 
                             RESULTS 
The redox behavior of hydrogen ion at the palladium electrode 
   The cyclic voltammogram at the stationary palladium disc electrode recorded 
at a scan-rate 1 mV s-1 in 0.5 M sulfuric acid is realized in Fig. 2. A double-humped 
cathodic and a double-humped anodic peaks which correspond to the mono-layer 
adsorption of hydrogen atom on the surface of the palladium and its desorption,lsl 
respectively, were observed at the potential region between +0.3 and 0 V. A re-
duction current due to the evolution of hydrogen gas appeared at more negative 
potentials than —0.1 V. 
Preparation of the hydrogen-implanted palladium membrane and the potential established 
at the membrane/solution interface 
-0.2 - 
-0.1-





Ely vs SSE 
                 Fig. 2. Voltammogram at palledium disc electrode in 0.5 M 
                         sulfuric acid. 
                         Scan-rate: 1mV-5-1, Disc electrode: 5 mm&. 
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   Employing 0.5 M sulfuric acid as the inner and the test solutions (not deaerated), 
the controlled potential electrolysis at the inner solution/palladium interface was 
carried out for 2 min at —0.25 V as RE3 in order to implant hydrogen into the pal-
ladium plate.I4) 
   The time-course of potential differences between RE1 and palladium, dVI, 
measured as the potential of palladium vs RE1, between RE2 and palladium, dV2, 
measured as the potential of palladium vs RE2 and between RE1 and RE2, 4173, 
measured as the potential of RE1 vs RE2 are shown in Fig. 3. As dV3 was the sum 
of —dVI and dV2, it is clear that the potential gradient in the palladium plate is 
negligible. 
   At the beginning of the electrolysis, dV2 abruptly shifted toward —0.25 V at 
the beginning and remained at this potential difference for further electrolysis. 
When the electrolysis was switched off, 4173 rapidly shifted to a potential difference 
established by hydrogen in the palladium and hydrogen ion in the inner solution 
at the palladium/inner solution interface. About 3 min after the beginning of 
the electrolysis, dVI started to shift and reached at a constant potential difference, 
which was equal to —dV2, after 20 min. Hence, dV3 was zero after 20 min. These 
potential differences were maintainable at constant for further 40 min. 
   The potential shift indicates that hydrogen implanted from the inner solution/ 
palladium interface diffuses in the palladium toward the test solution and the hydro-
gen concentration at both interfaces in the palladium becomes to be equal after 
an appropriate time. The gradual shift of dVi and dV2 after about 60 min suggests 
the escape of hydrogen from palladium. 
   Using deaerated test solution, identical results with those mentioned above 
were obtained. 
   Figure 4 illustrates the time-course of !IV, with various electrolysis time. The 
       0.5 
8 0.2 I 0 1Standing time/ min 
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   Ts 
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 a,3 
        -0.5 
        T  EIectrolysis off Electrolysis on 
   Fig. 3. Time course of potential differences during and after electrochemical implantation of 
          hydrogen into palladium membrane. 
         1: dVI (between test solution and Pd), 2: 41V2 (between inner solution and Pd), 
          3: 4 V, (between test and inner solutions). Electrochemical implantation of hydrogen 
          at —0.25 V vs SSE for 2 min. Test and inner solutions: 0.5 M sulfuric acid. 
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 Fig. 4. Effect of electrolysis time for implantation of hydrogen. Electrolysis time: 1; 2 s, 2; 5 s, 3; 
        20 s, 4; 1 min, 5; 5 min, 6; 10 min, 7; 60 min, 8; continuous. Test and inner solutions: 0.5 tvt 
        sulfuric acid. 
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  Fig. 5. Effect of electrolysis potential for implantation of hydrogen. 
         Electrolysis potential (V vs SSE): 1; 0.00, 2; —0.10, 3; —0.15, 4; —0.25, 5; —0.30. Test 
         and inner solutions: 0.5 at sulfuric acid. 
 potential difference attained an ultimate value (-0.265 V) 60 min after beginning 
 of the electrolysis at -0.25 V regardless with the electrolysis time of more than 30 
min. The time required for the shift of 417t due to the escape of hydrogen from 
 palladium was nearly proportional to the electrolysis time of longer than 1 min. 
 With continuous electrolysis 4Vt, 4V2 and AV, were at constant at least for 1000 
min after they attained the constant values. 
     When the continuous implantation of hydrogen was carried out at potentials 
 more negative than —0.15 V, 4Vt attained the ultimate value (-0.265 V), as shown 
 in Fig. 5. The electrolysis at more negative than —0.5 V, however, resulted ir-
 regular 4 V2 and, hence, irregular 4 V3 because of copious hydrogen gas evolution 
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                  (b) 
Figs. 6-a and 6-b. Dependence of 4V3 on hydrogen ion concentration. 
                Inner solution: 0.5 M sulfuric acid.
1, 2: with Pd membrane hydrogen-implanted, 
               1', 2': with Pd membrane without hydrogen-implanted. 
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at the inner solution/palladium interface. 
Response of the hydrogen-implanted  palladium, Pd(H), membrane electrode to the hydro-
gen ion concentration, CH+ 
   The relation between the potential difference, 4173 and the hydrogen ion con-
centration, CH+, in the test solution is realized in Fig. 6-a. In the measurement, 
0.5 M sulfuric acid was employed as the inner solution. The electrolysis for the 
implantation of hydrogen into the palladium at —0.25 V had been started 1 h prior 
to the measurement and was continued during the measurement. 
   Curves 1 and 2 were obtained with Clark-Lubs' buffer (pH=1 to 10) and sodium 
hydroxide solutions, respectively, as the test solutions. Kolthoff's buffer gave the 
same results as those in curve 1. Curves in Fig. 6-b are the results obtained with 
hydrochloric, perchloric, sulfuric and hydrofluoric acids solutions of different con-
centrations. There exists the Nernstian relation of slope 58 mV between 4173 and 
the hydrogen ion activities in these solutions which was calculated taking the ac-
tivity coefficients15) of hydrogen ions and dissociation constants of these acids16) 
into account. Also, the Nernstian relation was found when nitric acid of less than 
1 M was used as the test solution. With nitric acid of higher concentration than 
3 M, however, d V, was extremely positive, which may be due to nitrogen dioxide 
generated in the solution. 
   When palladium membrane without hydrogen implanted was used instead of 
Pd(H) membrane, no regular nor reproducible relation was found between dV3 
and CH+ as broken lines in Fig. 6-a. 
Effect of coexisting ions 
   The effect of coexisting ions on the determination of the hydrogen ion concen-
tration, CH+, by the Pd(H) membrane electrode was investigated taking the use of 
the electrode in acidic solutions into account. 
   Even in the presence of 1 M of such ions neither oxidizable nor reducible in 
aqueous solutions as K+, Na+, Li+, Mg2+, Cr, SO4 and CIOZ , the determination 
of CH+ could be performed and the results obtained agreed well with the calculated 
values being corrected for the ionic strength of the coexisting ions. 
                       Table 1 Interference from oxidizing ions 
                                   Potential difference,4173(V)
              Diverse ionsHydrogen ion concentration* (M) 
10_3 10-2 10-1 1 
none —0.112 —0.065 —0.008 +0.049 
10-2 M Cr20E- —0.113 —0.062 +0.112 +0.160 
10-1M Cr2O7- —0.112 —0.043 +0.480 +0.618 
10-2 M Fe3+ —0.110 —0.060 —0.007 +0.083 
10-1 M Fe3+ —0.112 —0.052 +0.220 +0.227 
              * added as hydrochloric acid. 
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   Ascorbic acid, which is one of typical reducing agents and gives the serious 
interference with the pH measurement by the metal-metal oxide electrodes,6) did 
not give any interference for the determination of CH+, between 10-2 and 1 M, by 
the Pd(H) membrane electrode. Also, dissolved oxygen saturated under 1 atm 02 
at 25°C and 0.1 M of UO2+, Cu2+ or Ni2+ coexisted in hydrochloric acid of con-
centration between 10-2 and 5 M gave no interference, when the activity coeffi-
cients were corrected for the ionic strength. 
   Strong oxidizing agents such as Cr207- and Fe3+ gave considerable disturbance 
in the measurement of CH+ as seen in Table 1. The disturbance from these ions 
was decreased in solutions of pH higher than 2, because they change their chemical 
forms and, hence, their oxidizing power decreases. 
The effect of stirring of the test solution 
   The determination of CH+ by the Pd(H) membrane electrode was affected with 
the stirring of the test solution. For example, when the test solution containing 
10-3 M hydrochloric acid was stirred using magnetic stirrer at a rate of about 300 
rpm, the potential difference d V3 shifted about 60 mV toward positive. 
                           DISCUSSION 
   Referring to Fig. 2 together with Fig. 5, it is obvious that potentials more nega-
tive than those for the adsorption of hydrogen on the surface of palladium should 
be applied to palladium in order to implant hydrogen into palladium. Hydrogen 
electrochemically implanted in palladium from its surface diffuses fairly quickly 
in the metal toward the other surface as indicated in Fig. 3. Though the hydrogen 
implanted is discharged spontaneously, the potential difference 4V1, 4V, or d TV3 
does not change for fairly long time suggesting that the concentration of hydrogen 
at the surface of palladium is maintainable at constant even when that in the bulk 
of palladium decreases. This phenomenon is supported by the fact included in 
the voltammogram in Fig. 2 that the binding energy between hydrogen and pal-
ladium at the surface is much stronger than that between hydrogen atoms at the 
surface or that between hydrogen and palladium in the bulk of the metal. The 
hydrogen adsorbed on palladium may form the monolayer.13) Because of the phe-
nomenon mentioned above, if enough amount of hydrogen to maintain the mono-
layer of hydrogen adsorbed is supplied continuously to palladium by the electrolysis, 
the concentration of hydrogen at the palladium surface can be kept at constant. 
   The Galvani potential difference at the solution/palladium interface, 4V1 or 
4173, in the present work is due to the reaction 
H+-Fe H(Pd)(1 ) 
Hence, the potential difference depends on CH+ in the test solution when the con-
centration of hydrogen adsorbed on the surface of palladium, H(Pd), and CH+ in 
the inner solution are at constant. 
   In the voltammetric interpretation of the potentials at ion selective electrodes, 
ISE, the authors advocated that potentials at ISE stable and responsive to the con-
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centration of the objective ion in the test solution can be obtained only when the 
solution/electrode interface is depolarized by the objective ion, and demonstrated 
the idea based on the voltammograms for the ion transfer at the  interface.?) 
   Voltammograms in Fig. 7 were recorded using the electrolysis cell of Fig. 1 
equipped with Pd (H) membrane and scanning the current anodically or cathodical-
ly from 0 at a rate of 10 ,uA • min-1 through the membrane by the aid of CE1 and 
CE2. During the current-scanning, the potential difference between the inner 
and the test solutions, QV3i were measured using RE1 and RE2. The inner solu-
tion employed in this measurement was 0.5 M sulfuric acid. The voltammograms 
sharply intersect the potential axis, where the current is 0, suggesting that the solu-
tion/Pd(H) membrane interface is depolarized by the reaction of eqn (1) even when 
an appreciable current is flowing. The 4173 at zero-current, 4V3,r=o, which cor-
respond to the potentiometric potential, shifts with the activity of hydrogen ion 
in the test solution in the Nernstian way, and the relation of pH —4V3,1 0 agrees 
well with that realized in Fig. 6-a or 6-b. In this connection, in the absence of 
hydrogen implanted in the palladium membrane, the reproducible voltammograms 
could not be obtained. 
   Voltammograms illustrated in Fig. 8 were obtained using 10-3M hydrochloric 
acid as the test solution and 0.5 M sulfuric acid as the inner solution. When the 
test solution was stirred by a magnetic stirrer at a rate of about 300 rpm, the anodic 
limiting current due to the reduction of hydrogen ion in the solution was about 
J---------------------------------------------------------- 109 8 76 5 4 3 2 1 
OA-j 
                        i 
i                       l i 
0.2-i 
  E~~              1i~ 
i 
        c0% 
ii
-0.2 - 
                       /1.1 
             il -OA - 
11i 
-0.8 -0.6 -04 -0.2 0 02 
                                   AV3 /V 
           Fig. 7. Current-scan voltammograms (current —4 V3 curves). 
                Test Solution: 1; 10MHC1, 2; 1 MHC1,3; 10-1M HC1, 4; 10-2M 
HC1, 5; 10-3 M HCI, 6; 10-3m NaOH, 7; 10-2m NaOH, 8; 10-1 M 
NaOH, 9; 1 M NaOH, 10; 10 M NaOH, 11; pH=3, 12; pH=7, 13; 
                pH=9, (3, 8; with 0.9 M NaCl, 4-7; with 1 M NaC1, 11-13; by 
                 Clark-Lubs' buffer) 
                  Inner solution: 0.5 M sulfuric acid. Hydrogen continuously imp-
                  lanted at —0.25 V vs SSE. 
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             Fig. 8. Effect of stirring of test solution on voltammogram of 10-3 w 
                    hydrochloric acid. 
10 fold of that without stirring. On the other hand, the cathodic limiting current 
due to the oxidation of hydrogen in or on the palladium was unaffected with the 
stirring. Accordingly, the GV3,r=o was shifted about 60 mV more positive by the 
stirring, which explains the effect of the stirring on the measurement of CH+ by the 
Pd(H) electrode. 
                      ACKNOWLEDGMENT 
   This work was partly supported by a grant from Nissan Science Foundation. 
                           REFERENCES 
( 1 ) D.J.G. Ives and G.J. Janz, "Reference Electrodes, Theory and Practice", Academic Press, 
     New York, 1961. 
(2) Chung-Chiun Liu, B.C. Bocchicchio, P.A. Overmyer and M.R. Neuman, Science, 207, 188 
    (1980). 
(3) O.H. LeBlanc, Jr., J.F. Brown, Jr., J.F. Klebe, L.W. Niedrach, G.M.J. Slusarczuk and W.H. 
     Stoddard, Jr., J. Appl. Physiol., 40, 644 (1976). 
(4) I. Levin, Chem. Anal. 41, 89 (1952). 
(5) Ga. A. Perley and J.B. Godshalk, U. S. Patent 2416949 (1947). 
(6) W.T. Grubb and L.H. King, Anal. Chem., 52, 270 (1980). 
(7) R.A. Macur, U. S. Patent 3726777 (1973). 
(8) P. Wulff, W. Kardatzki and W. Ehrneberg, Z. Electrochem., 41, 542 (1935). 
(9) F.A. Lewis, "The Palladium Hydrogen System", Academic Press, London, 1967. 
(216)
                         Palladium Hydride pH Electrode 
(10) R. Jasinski, J. Electrochem. Soc., 121, 1579 (1974). 
(11) Z. Yoshida and S.  Kihara, Anal. Chim. Acta, 172, 39 (1985). 
(12) L. Meites, "Handbook of Analytical Chemistry", McGraw-Hill Book Co., New York, 1963. 
(13) M.Z. Hassan, D.F. Untereker and S. Bruckenstein, J. Electroanal. Chem., 42, 161 (1973). 
(14) T. Maoka and M. Enyo, Surface Technology, 8, 441 (1979). 
(15) W.M. Latimer, "Oxidation Potentials", Prentice-Hall, New York, 1952. 
(16) L.G. Sillen and A.E. Martell, "Stability Constants of Metal-Ion Complexes" The Chemical 
    Society, London, 1964 and 1971. 
(17) S. Kihara and Z. Yoshida, Talanta, 31, 789 (1984). 
( 217 )
